Natural selection shapes genomes for reproduction, not for postreproductive survival. One hypothesis then is that the developmental program, optimized for reproduction, inadvertently regulates aging in mammals. Herein we review, revive, and refine the developmental theory of aging. Implications and experimental approaches for studying the progressive deterioration of physiological function that we call aging are also discussed.
Genomes Optimize Reproduction
According to the evolutionary theory of aging, after reproduction, the force of natural selection declines with age (37, 47) . The emphasis of genomes is on reproduction, not postreproductive survival, and therefore in all vertebrates, the genetic program-the genome-is optimized for reproduction. If reproduction, including child rearing, shapes the genetic program responsible for what we are, then subsequent events are irrelevant from an evolutionary perspective. It may even be that early-life processes are harmful at later ages, as predicted by the antagonistic pleiotropy theory (53) . This reasoning forms the evolutionary backbone of the developmental theory of aging. The developmental program, in its most simplistic form, can be defined as a genetically determined sequence of cellular and molecular events designed to produce a given adult phenotype optimized for reproduction. One hypothesis then is that this same developmental program inadvertently regulates the pace of aging among mammals and is a cause of age-related physiological degeneration (11, 30, 38, 54) .
Our genome and its gene products can be divided into: 1) information encoding the basic biochemistry of life, including functions such as respiration, DNA replication, and repair mechanisms; and 2) the developmental program (FIGURE 1). As mentioned in the introduction, a number of mechanistic theories of aging argue that the causes of aging are located within the former. Examples include the free-radical theory of aging, which argues that oxidative damage accumulation causes aging, and theories relating DNA damage to aging (38) . Evidence in favor of these theories is mostly indirect, however. Several experiments have been 252 1548-9213/05 8.00 ©2005 Int. Union Physiol. Sci./Am. Physiol. Soc.
Among vertebrates there is an immense diversity in the timing of life-history events. By the time a mouse is old, a child is learning to speak. When a dog is at the end of its life span, a teenager is discovering puberty. When a female monkey reaches menopause, a woman is starting her family. When that same woman reaches menopause, a turtle may be more fertile than it ever was. Furthermore, one of the most intriguing aspects of mammalian aging is how its phenotype is remarkably similar across different species, sometimes appearing as the same process timed at different rates (19, 39) . Understanding why different species age at different paces is crucial to understanding the progressive deterioration of physiological function we call aging.
Many mechanistic theories of aging argue that age-related decline results from damaging byproducts of metabolism and/or inefficient repair mechanisms (27, 32) . According to this view, damage-which can take on many forms-accumulates throughout the life span (38) . The exponential increase in mortality and the functional decline that characterize aging, however, only begin after sexual maturity, whether this occurs at age 13, as in humans, age 5, as in monkeys, or at less than 2 months, as in mice. Therefore, one alternative view is that aging is perhaps linked to development (11, 30, 38, 54) . Life-history traits such as developmental schedules, age at maturity, and life span are associated with one another (8, 24, 30) . That accelerated growth negatively affects the longevity and adult-onset pathologies of mammals is suggested by several studies, such as studies in mice and rats (46) , squirrels (24) , dogs (39) , and humans (1, 2) . Yet, although a number of theories linking development to aging have been put forward (38) , the mechanistic basis of such a link remains largely unknown.
In this work, we review and revive the developmental theory of aging. By incorporating recent findings in the biology of aging, we also propose a conducted in model organisms, such as mice, in which oxidative or DNA damage was altered through genetic interventions. The results have been largely disappointing, and a causal link between oxidative damage and aging has never been shown in mammals (13) . Accelerated aging phenotypes in mice and humans suggest that some aspects of DNA metabolism may be linked to aging, but it is not obvious, and it even appears unlikely, that DNA damage accumulation alone drives aging (13) . One hypothesis is that metabolic rates may be faster in faster-aging organisms. If cellular biochemical processes occur at a faster pace, then it makes sense that damage also accumulates faster. Some results, however, suggest that metabolic rates, and hence the pace of biochemical processes, do not influence the life spans of mammals (23) , and mice with higher metabolic rates have even been reported to live longer (50) . Moreover, as argued by others (11, 36) , the slow evolution of structural genes cannot account for differences in aging rates among mammals. Therefore, there is no strong reason to suspect that rates of aging are determined by the basic biochemistry of life.
The developmental theory of aging states that the genetic mechanisms regulating the pace of aging are located in the latter; that is, they are part of the developmental program (FIGURE 1). This concept is supported by observations in a number of animals. In organisms such as the salmon or marsupials of the genus Antechinus, the neuroendocrine system-triggered by reproductiondirectly causes the death of organisms (19) . Other authors have argued that a morphogenetic program originates aging in response to reproductive impulses (30, 38) . It is dubious, however, that similar mechanisms occur in animals that rear their offspring, such as most mammals and birds. Besides, not only reproduction but a number of developmental processes have the potential to disrupt homeostasis and cause degeneration (see below). Nonetheless, Antechinus and, particularly, the remarkable physiological degeneration of the salmon after spawning demonstrate how a developmental program optimized for reproduction can trigger senescence (19) .
Many species that appear not to age show indefinite growth and/or increasing reproductive output with age-e.g., bullfrogs, lobsters, certain fishes, and some turtles (19, 26) . In fact, development is much more plastic in organisms such as reptiles and amphibians than in mammals. For example, regeneration, which often involves the reactivation of certain phases of the developmental program, is much more advanced in newts than in humans (6, 28) . In other amphibians too, development can be delayed-and life span probably extendeddepending on environmental conditions (17) . Ordinarily, we try to focus on species that are evolutionary and biologically closer to humans, such as mammals or at least vertebrates; however, another classical example in gerontology is the dauer pathway in Caenorhabditis elegans. Animals entering this pathway can delay development, 
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The genome features a relatively stable basic biochemistry that enables the developmental program to proceed.
The genome also features a developmental program that shapes an organism throughout its life span.
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Biochemistry of life
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Reproduction FIGURE 1. Functions a vertebrate genome must possess for the resulting organism to reproduce A genome is a vehicle for reproduction whose information can be divided into 2 parts. On the one hand, the genome must feature the basic biochemistry of life such as repair mechanisms aimed at keeping the organism alive for the completion of the developmental program. On the other hand, the genome must feature a developmental program that establishes a set of higher functions in adulthood optimized for reproduction. The developmental theory of aging states that, contrary to theories of aging based on damage accumulation, the developmental program also regulates changes in adulthood. Although the biochemistry of life remains relatively unchanged, the developmental program shapes an organism throughout its life span. In other words, the causal structure of aging lies in the developmental program. The image represents a karyotype of the human genome.
mechanisms that can be used to interpret agerelated changes and pathologies; deriving experiments to test such theories has also proven much easier. Herein we wanted to put forward precise mechanisms and derive testable hypotheses from the developmental theory of aging.
The essence of the developmental theory of aging is that some, though not all, developmental mechanisms inadvertently affect postreproductive life, causing what we call aging. Our proposal is that mechanisms regulating development can affect aging according to two general processes (FIGURE 2). On one hand, the developmental program merely exists to optimize fitness at a given time, and so age-related deleterious changes may derive from the continuing actions of that same developmental program. This can be seen as an extension of antagonistic pleiotropy in that genes beneficial in early life are harmful at later stages (14, 53) . For example, presbyopia appears to occur because the eye lenses grow continuously, eventually leading to farsightedness (19, 26) . Similarly, neurodegeneration has been proposed to represent the continuation of the genetic programs that underlie early life, such as the need to decrease brain plasticity before adulthood (14) . These are examples of developmental mechanisms essential for generating an adult organism but whose continued actions after reproduction may result in age-related dysfunction.
Alternatively, and as predicted from the declining force of natural selection with age (37, 47), agerelated changes can derive from the fading actions of certain developmental mechanisms (FIGURE 2). One example is muscle loss, which might derive from the cessation of growth as organisms reach adulthood. In contrast, animals that do not cease to grow may avoid this form of degeneration. growth, and aging (5, 33) . Other examples exist among invertebrates (5, 19, 38) , such as the wellknown case of social insects in which queens greatly outlive workers and males, again showing how aging is not determined in the basic biochemistry of life but by developmental pathways.
Further evidence has recently accumulated in favor of the developmental theory of aging. Succinctly, genetic mechanisms regulating aging in mammals were indirectly linked to development (16) , and the way that neuroendocrine systems affect aging (13, 40) as well as developmental schedules (3, 41) supports the theory. A similar impact of caloric restriction (CR) on development and aging has been observed (26) . Recent results also suggest a link between developmental programs and aging at an epigenetic level (48) . Lastly, the self-renewal of stem cell populations has been associated with developmental pathways, such as the Wnt signaling pathway (45) . Therefore, the hypothesis we champion in this work is that the developmental program regulates rate of aging in mammals and may be the cause of most, though probably not all (see below), age-related changes.
Aging as an Unintended Outcome of Development
The idea that aging is an extension of development was suggested as early as 1864 (9) . Many proposals linking development to aging have been put forward, involving mechanisms such as dysdifferentiation, overdifferentiation, loss of gene repression, increase in gene repression, and deregulation of transcription (38) . One possible reason for the lack of acceptance of these theories is their conceptual, even abstract nature. In contrast, theories of aging based on damage accumulation often predict 
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Some specific developmental mechanisms influence the entire life span, having detrimental effects in adulthood.
FIGURE 2. How the well-timed developmental program can influence age-related pathologies
The 2 processes regulating age-related changes are: 1) the continuity of developmental mechanisms and 2) the end of developmental mechanisms. Of course, it is possible, even likely, that some agerelated pathologies occur due to a combination of both of these processes operating through different physiological mechanisms. According to our hypothesis, the majority of age-related diseases should fit at least 1 of these 2 processes, a number of which are displayed. It is possible, however, that some exceptions exist in the form of mechanical senescence due to limitations in the developmental program. Aging is then the sum of age-related changes and pathologies caused by these processes.
example may be cancer. Certainly, cancer rates are related to the basic biochemistry of organisms, such as DNA repair mechanisms, but there is also an age-related component: cancer rates increase exponentially with age in many species, including humans (19) . Our hypothesis is that the age-related increase in cancer incidence occurs because the developmental program has ceased. Although speculative, this hypothesis is supported by the large number of oncogenes involved in growth and development (41) : HRAS, ABL1, MYC, FOS, VEGF, and AKT1, among others. In fact, it has been argued that protooncogenes are controlled by the same molecular mechanisms that underlie normal development (42) . Our suggestion is that the end of the developmental program, and consequently the end of the growth period that characterizes preadulthood, indirectly results in cells "losing grip" over these genes. The age-related increase in cancer incidence could then be a result of the end of the developmental program. Indeed, some recent results suggest that growth patterns during childhood are associated with breast cancer in women (1) .
There are many developmental mechanisms, and probably only a small percentage of these influence aging. For example, certain developmental mechanisms continue throughout the life span, whereas others are exhausted before reproduction. In FIGURE 3 we present a few different models based on actual physiological processes and their regulation during the life span. Model A appears to accurately represent most human functions during the course of the life span in which a rapid increase in functionality occurs before reproduction, followed by a steady decline. This also appears to occur, for example, in the case of insulin-like growth factor-I (IGF-I), whose levels rise before birth, increase greatly in infancy and childhood, and then steadily decline from puberty onward (22) . Of course, there are myriad physiological processes that occur during development and change differently with time: certain hormones, like growth hormone (GH), steadily decline throughout the life span (model B) whereas others, like IGF-II, and some processes, such as cartilage growth, fully decline until reproduction (model C). Alternatively, a steady increase throughout the life span may occur in some processes, as is witnessed in memory T cells (model D). Certainly other, more complex models exist: for instance, DHEA levels rise and fall more than once until puberty before steadily declining throughout adulthood. The complexity of the developmental program surpasses this work and even current scientific knowledge (21) , and so the models presented herein are only a glimpse of how aging may originate in developmental mechanisms. As we learn more about the regulation of developmental mechanisms during the life span and how they are optimized for reproduction, we will understand how and which of them affect age-related changes.
Age-related changes proportional to the mammalian life span and reproductive schedules are expected to be regulated and timed by development. In mammals these are the majority, and it is remarkable how age-related pathologies tend to occur in synchrony with the total life span of mammals (39) . It is possible, however, that some agerelated changes are the result of mechanical senescence (9). One example is Alzheimer's disease, which is unique to humans (under natural circumstances) and may be unrelated to normal cognitive aging (49) . It appears that the longevity of humans may make us uniquely susceptible to Abeta toxicity (20) . Consequently, it is possible that Alzheimer's disease is a form of mechanical senescence, despite the fact that some loci that play a role in the disease, such as APOE, are also involved in development. mines development, adulthood, and senescence. In parallel, studies of epigenetic factors such as chromatin structure can also provide clues regarding how the genetic program regulates gene expression during development and aging (48) . Lastly, physiological studies should aim to identify how and which developmental mechanisms can affect age-related pathologies using the general models we hypothesized (FIGURES 2 AND 3) .
Segmental progeroid syndromes either in humans or mice can be seen as a disruption of a system affecting multiple age-related changes. Linking the systems affected in these diseases to how normal developmental programs regulate such systems may provide clues about aging. Intriguingly, patients suffering from Werner, Cockayne, or Hutchinson-Gilford syndromes appear to have developmental and growth deficiencies (36) . Maybe these segmental progeroid syndromes are impairing developmental processes. Many genetic diseases disrupt systems in the human body, but only a few accelerate several agerelated changes (36) . Therefore, we suggest that perhaps the key to understanding segmental progeroid syndromes is not in their generalized havoc or DNA imbalance but rather in some specific disruption to normal ontogeny. For example, Werner syndrome is primarily a disease affecting connective tissues at the cellular level (31), but we know very little about the normal development of connective tissue and whether it relates to the pathophysiology of Werner syndrome.
Considering aging as a result of the developmental program also has important implications in developing therapies for age-related diseases. Because we suggest two processes for the emergence of age-related diseases (FIGURE 2), the two general ways to delay or prevent age-related changes are: 1) stop or delay developmental mechanisms that cause age-related diseases; and 2) restart certain developmental mechanisms. Moreover, a complementary-although at present mostly theoretical-approach is to incorporate mechanisms found in, for instance, reptiles or amphibians in human medicine, as suggested before (15, 25) .
Blocking specific genes involved in the temporal regulation of developmental processes may allow a delay of development and aging. In fact, it was suggested by Medvedev (38) that the incomplete repression of the developmental program may be detrimental to organisms. Delaying development, it appears, is already achieved in CR and through manipulations of the GH/IGF-I axis. One can argue that these life-extending interventions delay developmental mechanisms at an organismal, systemic level. Consequently, other growth-control genes may be of interest to gerontologists (18, 41) . Other potential examples of mechanical senescence include tooth erosion and oocyte exhaustion in mammals, which may be perceived as caused by intrinsic limitations in the body plan of most mammals. These can also be seen as outcomes, or at least constraints, of the developmental program. Female reproductive senescence results from the age-related loss of ovarian oocytes, the number of which was fixed during development (19) . Some reptiles that appear not to age feature oocyte regeneration in adulthood (19) . In mammals, however, the program regulating oocyte regeneration is inactive except at early stages of development, and so reproductive senescence can be perceived as an outcome of its blockage. Similarly, tooth erosion can be seen as a limitation in mammalian development, an end of a specific developmental process that results in worn out teeth not being replaced. Many of our evolutionary ancestors-e.g., reptiles-feature continuous tooth replacement, which is rarely observed in mammals (19) . Unique evolutionary events may have set up these constraints on mammalian genomes (15) . Interestingly, dental development occurs more slowly in humans compared with other primates and extinct hominids, hinting that the pace of dental development affects the onset of tooth erosion (7) . Therefore, even in cases of mechanical senescence, the timing of developmental mechanisms may determine the pace of age-related changes among mammals.
Implications and Interventions for Antiaging Medicine
One of the aims of this work is to make others aware that age-related changes and pathologies can derive from early-onset developmental mechanisms, as supported by recent results (1, 2) . Hopefully, researchers and clinicians will try to understand age-related pathologies by looking at the physiology and genetics of normal developmental processes. Assuming a link between development and aging also has major implications for how experiments are designed and interpreted in gerontology. If we see aging as triggered by development, rather than a mere accumulation of damage, then to study aging it is necessary to understand the life span as a whole and not merely its last segment. Herein, we offer a few ideas about how this can be achieved, including suggestions for experiments.
Gene-expression studies of aging generally begin in adulthood (52) , so in a sense such studies are focusing on the results of aging, not its causes. Hopefully, future studies will consider the entire life span of organisms-or at least postnatal life span-to capture how the genetic program deter-example, like many long-lived mouse strains, Igf2-null mice are dwarf throughout their life spans, but since the gene is mostly inactive after weaning, longevity studies have been largely ignored (18) . Although there is little information on the timing of development in these animals, we suggest that they could be worthwhile subjects of aging studies. Indeed, it has been argued that neuroendocrine activity, likely driven by reproduction, causes senescence (40) . Nonetheless, although hormones are important in modeling life history, blocking their effects will not suffice. Although details regarding the mechanisms regulating rate of development are largely obscure (21) , since developmental programs are also expressed on a tissuespecific level, the most likely scenario is that multiple local-level and organismal mechanisms operate in regulating the pace of development and aging. Is there a master clock regulating development and aging? Probably there are some organismal regulators affecting the whole body (10), such as hormones like the GH/IGF-I axis, but there are possibly multiple tissue-and organ-level regulators, making antiaging interventions a difficult, albeit not impossible, task.
If manipulating, in adulthood, the expression of genes responsible for development can ameliorate age-related pathology, then one promising technology is conditional gene expression, which can be applied to mice (4, 34) . For example, it would be interesting to study models of accelerated aging in mice using conditional knockouts that preserve normal ontogeny and only disrupt the gene associated with premature aging in adulthood. For instance, disruption of the proliferation-associated SNF2-like gene (PASG), a helicase, causes growth retardation and accelerated aging in mice (51) . It would be relevant to know the effects of PASG disruption in adult mice, particularly if coupled with gene expression and physiological studies encompassing the entire postnatal life span. Likewise, experiments in rodents involving alterations of the GH/IGF-I axis or premature-aging genes during development-but not in adulthood-could prove relevant to understanding aging. Lastly, a number of developmental genes have been shown to be underexpressed during the course of adult life (43, 52) . It would be interesting to conditionally overexpress such genes in adulthood.
Another idea would be to target all genes exclusively expressed during prenatal development. As mentioned above, many such genes are crucial in cancer development later in life and may become deregulated due to the end of the developmental program. Suppressing prenatal cell proliferation programs in adulthood could lead to a sort of cancer vaccine with potential implications for other diseases that result from abnormal cell proliferation. One potential experiment would be to use RNA technology, such as RNAi, to block the activity of genes crucial in embryonic cell proliferation in adult mice.
To restart developmental processes in adults, there are two promising avenues of research: embryonic stem cells, which have their developmental process restarted and hold great promise for biology and medicine (44) , and understanding the plasticity of the developmental process of amphibians and reptiles, which may hold the keys to sprouting regeneration in mammals (6) . The use of specific genetic programs from other species in medicine is challenging, however. Certainly implementing oocyte regeneration to, for instance, female mice would be extraordinary, but it would require precise knowledge of the genes involved.
With the current surge in genomic data and highthroughput methods, however, it may soon be possible to identify genes and pathways unique to organisms with regenerative capacities and eventually reconstruct the mechanisms involved.
One system that encompasses our ideas is the regeneration of auditory hair cells (AHCs). Loss of AHCs is a major cause of deafness, and hence regeneration of these cells has considerable medical interest (25) . One approach is to employ embryonic stem cells to differentiate AHCs, which can then be inserted into the inner ear (35) . In a sense, embryonic stem cells are cells at early states of development that are differentiated into progenitors of a particular developmental program and thus can be used for rejuvenation. It can also be argued, however, that progenitor stem cells are undamaged, and hence their replacement to restore function is in accordance with damagebased mechanistic theories of aging. Recently, regeneration of AHCs was also achieved through gene therapy with Atho1, a signaling molecule that orchestrates the development of AHCs in embryos (29) . These results show that regeneration and antiaging medicine are to a large degree a matter of transmitting the right information to cells, as debated before (12) , rather than just replacing damaged old cells and molecules. Lastly, it is interesting to note that most mammals, unlike most birds and amphibians, lose the capacity to regenerate AHCs early in life. Therefore, a third approach is to employ genomic tools to understand the basis of this regenerative capacity and eventually apply it to mammals (25) .
Concluding Remarks
Rather than expect differences in defensive or protective genes to regulate the pace of aging, which have never been found (13) , it appears that the genetic factors that drive development may also regulate aging rates. Looking at aging as the unintended outcome of a programmed, well-orchestrated development explains why adult life span is proportional to developmental time among mammals. This perspective is also consistent with the antagonistic pleiotropy theory (53) : alleles that favor early reproduction and a faster development may entail deleterious late-life effects and thus cause a faster senescence. Besides, mammals feature a robust set of developmental strategies, particularly compared with amphibians, and therefore it is not surprising that aging in different species of mammals appears to be the same process only timed at radically different rates.
The fact that CR started in adulthood extends life span in rodents has been hailed as evidence against the developmental theory of aging (46) . In our model, however, the developmental program does not cease at the end of the developmental period. Indeed, we argue that fading or excessive actions of developmental mechanisms in adulthood cause aging (FIGURE 2). Consequently, CR started in adulthood will still affect developmental mechanisms, namely those whose unintended actions cause aging. Moreover, the regulatory role of neuroendocrine factors-like the GH/IGF-I axis-in aging and CR fits a link between development, reproduction, and aging (3, 13, 40) .
In conclusion, aging may not be primarily due to damage accumulating from the basic biochemical reactions that make up life but rather the result of the developmental program or of changes brought about by it. Our hypothesis is that the timing of development regulates the rate of aging among mammals, with a subset of developmental mechanisms determining the pace and causing most agerelated changes. Maybe people change as they grow old due to the same mechanisms that drive changes throughout the earlier stages in life.
